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ABSTRACT: This Commentary draws together recently published work relating to the relationship between climate change and
geomorphology to address the surprising observation that geomorphic work seems to have had little impact upon the work of
the Intergovernmental Panel for Climate Change. However, recent papers show that methodological innovation has allowed
geomorphological reconstruction over timescales highly relevant to late 20th century and 21st century climate change. In turn,
these and other developments are allowing links to be made between climatic variability and geomorphology, to begin to predict
‘geomorphic futures” and also to appreciate the role that geomorphic processes play in the flux of carbon and the carbon cycle.
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Introduction

This Commentary introduces a virtual issue of Earth Surface Pro-
cesses and Landforms concerned with geomorphic contributions
to our understanding of the relationship between global climate
change and geomorphic processes, landforms and impacts. My
starting point is an observation from the Intergovernmental Panel
in Climate Change (IPCC, 2007). The IPCC’s Working Group I
looked at possible impacts of climate change, including upon
the freshwater environment in general and erosion and sediment
transport in particular (Section 3.4.5). In relation to sediment
transport, 12 papers are referred to and most of these refer to soil
erosion. The IPCC concludes explicitly that not much work has
been done on the impact of climate change on sediment loads
in rivers and streams. Geomorphology appears very briefly in
the IPCC'’s discussion of particular environments (e.g. Section
4), and more strongly in relation to coastal impacts both generally
(e.g. Section 6) and in specific regions. Reading the IPCC, one
might wonder where all the geomorphology has gone, not least
because the need to quantify and to predict climate change
impacts on geomorphic systems has not been lost on geomor-
phologists. For instance, Lu et al. (2010) provide a clear call for
source-to-sink geomorphic analyses that are able to understand
just how the great mountain systems of the Asian subcontinent
will respond to climate change and so drive the flux of sediment
to coastal zones.

Geomorphology has a long history of quantifying landscape
response to environmental change (see review in Macklin and
Lewin, 2008), a history that has benefited enormously over the
last two to three decades from the development of new dating
methods. Similarly, geomorphological information can be central

to the reconstruction of palaeoenvironments and climate change
(Macklin and Lewin, 2008; Thomas, 2013). Over the timescales
of centuries to millennia, such work has shown the complex
linkages between climatically-driven and human-driven
(e.g. land-use change) impacts of environmental variability
(Colombera and Bersezio, 2011). But, a simple question
remains: what kinds of contributions should geomorphology
be making to wider debates regarding global climate
change? In introducing this virtual issue, | reflect upon three
broad themes clear in publications relating to climate change
recently published in Earth Surface Processes and Landforms:
(1) the growing ability to understand the relationship between
short-term (annual to decadal) climatic variability and geomor-
phic systems; (2) the difficulty and potential of predicting change
in geomorphic systems over the 21st century; and (3) the recogni-
tion that geomorphic science has an important contribution to
make in understanding the impacts of surface processes upon
carbon flux and hence carbon mitigation strategies.

The Geomorphic Signature of High Frequency
Climatic Variability

There is an important history of using geomorphic evidence to
quantify long-term environmental change, the classic being
Holocene flood histories (Macklin and Lewin, 2003; Jones
et al., 2008; Harden et al., 2010). However, as we approach
the timescales of decades and years, we enter a period where:
(1) geomorphic processes become progressively more influenced
by the growing intensity of human activity (Lewin, 2013);
(2) certain geochronological techniques yield insufficient dating
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precision; and (3) systematic landscape signals of climate change
impacts may become confused with natural variability (Church,
1996). The last two of these points are closely related and it is
here that innovation in geomorphic methods is both enabling
shorter timescales of investigation but also allowing us to
appreciate the natural variability against which human impacts
will need to be judged.

A critical example of methodological innovation relates to
dendrogeomorphology, which has shown that not only do trees
provide a chronological date since establishment but also
valuable information on geomorphic processes themselves.
For instance, Arbellay et al. (2010) showed that it was possible
to date the occurrence of debris flows and their spatial structure
in the lllgraben system, Switzerland between 1965 and 2007
by interpreting the records of 154 injured broad leaved trees.
Not only did this reveal useful information regarding the
frequency of temporal activity in the lligraben, extending data
into periods when these flows were not routinely monitored,
they also revealed useful information of debris flow dynamics
themselves (e.g. spread and travel distance). Savi et al. (in press)
used dendrogeomorphological reconstruction for an Alpine
catchment to show that hillslope—channel coupling became
dependent on more extreme events with distance down
through the catchment. Colombera and Bersezio (2011) used
similar methods, along with aerial image interpretation, to
show how over the last 200 years, most of a Last Glacial
Maximum alluvial fan surface had been reworked during one
of two extreme debris flow events. These extreme events
delivered sediment, causing fan steepening and aggradation.
Events with smaller magnitude and shorter return period lead
to entrenchment and narrowing, also linked to fan toe incision.

These and other methodological developments have allowed
us to collapse the timescales of geomorphological reconstruction.
In turn, they bring to the fore a new concept: Historical Range of
Variability (HRV). With many environmental phenomena, as the
temporal resolution of measurement is reduced, so the variance
of the phenomena increases. Thus, when faced with a noisy
geomorphological signal, the question becomes how much of
the measured variance is expected, natural variability, and how
much is indicative of genuine change. One way to approach this
is to set measured variability against past or historical variability.
HRV is the subject of a forthcoming Special Issue in Earth Surface
Processes and Landforms. Although HRV must necessarily remain
a constructed concept (for instance, it requires us to specify the
timescale over which that variability is determined, itself driven
by the kind of methodological developments described above)
it provides a template against which systematic impacts of
climate variability and climate change can be judged. For
instance, Petterson et al. (2010) related the sedimentation records
in lake varves for an undisturbed forest watershed to identify the
range of variability in sedimentation processes. Layzell et al.
(2012) were able to combine a range of methods to quantify
different types of Holocene river channel adjustment, including
phases of deposition and incision. With this variability estab-
lished, they were able to show that the system was exceptionally
sensitive to climate change driven changes in sediment supply.
The landscape response, however, was equally impacted upon
by the legacy of effectively ‘out-of-climate-equilibrium’ sediment
conditions, in terms of a legacy of glacial deposits available for
stream reworking. This kind of work is an important reminder that
many of our landscapes, especially those in mid-latitudes
and high latitudes are currently out of equilibrium with current
climate even before the onset of rapid climate change. But,
the methods that we have to distinguish change from natural
variability continue to need refinement. For example Korup
et al. (2012) show that we need to be much more sophisticated
in how we search for climate change signals in landslide
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inventories as our methods have not necessarily developed in
ways that are sensitive to statistical non-stationarity. Korup et al.
show that the act of fitting distributions to such inventories may
mask possible climate change signals.

Given our ability to quantify variability over shorter timescales,
a further trend is emerging: the ability to evaluate, across a range
of different environments, geomorphic forcing by climatic
variability at the scale of years to decades. For instance, Tote
etal. (2011) showed for a river basin in northern Peru that El Nino
Southern Oscillation (ENSO) was responsible for the flushing of
stored sediment, reversed during post-ENSO periods. Brook
et al. (2011) show that the area of small glaciers fluctuates in
relation to the forcing of ablation by regional atmospheric
circulation, notably the ENSO but also the Interdecadal Pacific
Oscillation. Bauch and Hickin (2011) report that increases in
the magnitude and duration of the annual flood is responsible
for a dramatic increase in channel activity in the Squamish River,
Southern British Columbia, notably in terms of erosion, a change
that that they attribute to the intensification of late season Pacific
storms. Thomas et al. (2011) have been able to show links
between the North Atlantic Oscillation (NAO) and erosional/
depositional shoreline response in South Wales, UK. Clarke and
Rendell (2010) used three decades of erosion measurement to
show that the persistently positive values of the NAO between
the 1980s and 2000 were correlated with reduced winter rainfall
and that this had reduced Mediterranean badland erosion rates in
Italy. Notwithstanding possible increases in the frequency of
extreme rainfall events, they note that climate scenarios suggest
further reduction in annual rainfall and hence erosion rates.
These kinds of studies don’t just identify new types of coupling
between atmospheric variability and geomorphic response: they
also challenge our understanding of existing ones. Thus, Lu et al.
(2011) challenge the view that Asian monsoon related precipita-
tion can be identified in records from the Loess plateau, China as
dust accumulation rates are decoupled from the extent of active
Aeolian sand in dune systems.

Notwithstanding the observed importance of the NAO
above, Petterson et al. (2010) were unable to identify an NAO
in their lake varve records for an undisturbed forest system,
although the impacts of solar forcing appeared to be present.
This points to the need to think carefully about how climate
variability will propagate through geomorphic systems, ones
that operate as a filter that can both magnify and smooth
climate forcing. For example, Savi et al. (in press) showed that
even if climate change impacts upon sediment delivery,
sediment load will be a function not just of sediment sources
but also the ways in which those sources are coupled to the
drainage network and are, in turn, transported through it. As
Colombera and Bersezio (2011) showed, the magnitude of
an event necessary for effective sediment transfer will differ
between processes within a landscape, such that understanding
landscape response to climate forcing will need consideration
of both the magnitudes and the sequencing of events.

From Climate Change Impacts to Futures
and Feedbacks

If progress is being made in establishing the linkages between
climatic variability and geomorphic response, it is clear that
somewhat less progress is being made in establishing how that
variability might change during the 21st century and what this
might mean for geomorphic processes, landforms and entire
landscapes. A critical problem here appears to be the probability
that such responses will be highly non-linear: a consequence of
threshold dominated systems where the thresholds themselves
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evolve with the state of the system and in response to possibly
small climate forcings. For instance, Huggel et al. (2012) consider
climate change impacts upon landslide activity in Alpine settings.
Here, landslides are thought to be ubiquitous under stable late
Holocene climates but are argued to be particularly sensitive to
climate warming because of non-linear responses of firn and ice
to warming (notably albedo feedbacks), the possible warming at
the interfaces between ice/sediment and bedrock, the retreat of
glaciers leading to exposure of more erodible sediment, in addi-
tion to temperature and precipitation effects on event generation.

However, we can identify two broad areas of progress. The
first is grounded firmly in the fundamental scientific basis of
geomorphic—climatic coupling, from which it is possible to
conceptualize how, for instance, temperature change might
impact upon process rates. Anderson et al. (2013) considered
weathering processes in the zone beneath mobile regolith, an
important control upon the rate of mobile regolith production.
They found that in landscapes with typical regolith residences
times of 10 000 to 100 000 years, climatic variability modulated
both deep weathering and sediment flux, the former sensitively
conditioned by aspect. Critical was the degree to which it was
possible to cause frost damage, something that is likely to respond
quite sensitively to climate amelioration and deterioration.
Dendrogeomorphic methods have confirmed the dominant role
played by freeze-thaw cycles according to Silhan et al. (2011),
who dated 989 rockfall events in the Carpathians to provide
a 78 year record of rockfall activity and which they linked to
climatic data.

The second area of progress relates to the prediction of
geomorphic processes, landforms and landscapes in response
to changing climate. Predicting the non-linear behaviour
described by many geomorphologists will be difficult. But is it
any more difficult than the climate science, ecosystem science
or any other kinds of science where ‘futures’” work has become
more dominant? The use of numerical models to quantify
linkages between climate forcing and geomorphic response,
and then to drive such models with climate futures, is much
less developed than empirical studies focusing upon past
climatic variability. But it is developing. For example, Leyland
and Darby (2009) consider coastal gully response to Holocene
sea level rise using a landscape evolution model. They show
that the balance between sea level driven cliff retreat and
knickpoint recession rate controls the development of gully
networks. As rates of sea level rise are forecast to increase
over the 21st century, the survival of gully networks may be
substantially reduced. Verhaard et al. (2010) explicitly sought
to couple climate model predictions to an established model
of tributary sediment routing. They found that in the absence
of base-level changes, bed material delivery from tributaries
to the St. Lawrence river (Quebec, Canada) is likely to increase,
although this depends also on which climate model is used
and the state of the river in terms of current aggradation or
degradation. These effects become amplified if the base level
also falls.

Verhaard et al. (2010) go a considerable way to addressing
the lacuna identified by the IPCC (2007). We probably need
many more studies of this kind so that we can start to tease
out those environments where: (1) changing climate and
changing climatic variability combine with; (2) those geomorphic
systems that are especially sensitive; to produce (3) systematic
landform and landscape responses to changing climate. As with
all futures work, we need to accept that what arises is a set of
scenarios for the future rather than a definitive prediction of what
the future will be. It probably also needs a cultural acceptance of
the value of modelling futures that we can neither see nor
measure, by definition. Such an acceptance need not devalue
the role that field enquiry plays in establishing how climate
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couples to geomorphic systems; nor in generating the historical
datasets which through retrodictive modelling allow us to get
more confidence in model predictions. But as the history of
climate modelling has shown, models of the future, that are
partial at best, incorrect at worst, can play a crucial role in stimu-
lating both scientific enquiry and policy development. Perhaps
the overriding lesson of climate modelling history is the need to
produce models that capture a progressively larger number of
ocean-atmosphere feedbacks. By analogy with this history, we
might imagine that modelling geomorphological futures might
proceed in the same manner as an ever-greater number of
feedbacks are identified and appreciated. There is no doubt
that as with the climate system, there will be some surprising
geomorphic feedbacks out there. Bullard (2013), for example,
notes that glacigenic sources of dust, for instance, could be much
more significant than non-glacigenic ones if there is extensive ice
sheet retreat. The critical challenge will be identifying such
feedbacks and establishing their relevance at the spatial scales
that geomorphological models are being applied.

Geomorphic Processes, Carbon Flux and
Climate Change Mitigation

Perhaps one of the most interesting questions to emerge in
geomorphic science in recent years is the potential role that
sediment flux might play in nutrient cycles in general and in
relation to carbon in particular. For instance, soil erosion from
agricultural land could be both a source (through mineralization
during transport) and a sink (through deep burial of soil rich in
organic matter) (Kuhn et al., 2009). This is why studies of the
relationship between climate change and soil erosion are
needed, not just because of potential impacts of climate change
upon soil erosion, but because of what these impacts might mean
in terms of carbon flux (Dymond et al., 2010; Doetterl et al., 2012).
Such research must address three broad needs. First, classic studies
on the controls of soil erodibility need to be extended to the ques-
tion of soil carbon release. For instance, Novara et al. (2012) show
that carbon release from soils depends upon soil compaction and
the duration of exposure to rainfall, with greater carbon dioxide
release with soils that are less compacted. Thus, under climate
change, the impact on net soil carbon losses is likely to depend
upon the balance between: (a) rainfall intensity driven increases;
and (b) soil management driven changes; in soil compaction.
Second, and more generally, studies need to attend to how human
activities impact upon soil redistribution and in turn shape carbon
flux. It is of particular interest because if soil management is
implicated in carbon flux (such as linked to tillage erosion; Van
Oost et al.,, 2009) then soil protection may gain an additional
rationale. It is a particular challenge because it is probable that soil
management will evolve in response to climate forcing, implying
that understanding the future net impact of climate change upon
the carbon cycle will require us to predict the coupled evolution
of social-human geomorphic and hydrological systems, something
that is rarely seen in geomorphic enquiry. A notable exception is
Wainwright and Millington (2010) who show that it is possible to
use agent-based models to understand the coupled interaction
and co-evolution of physical and social systems and the impacts
of this interaction on sediment flux.

Third, there are particular questions relating to environments
that act as critical carbon stores, such as peatlands (e.g. Worrall
et al., 2011). Geomorphic understanding of upland peatland
dynamics has revealed that eroding peatlands are major sources
of particulate organic carbon loss. However, the extent to which
this loss is realized depends upon the fate of eroded carbon, the
extent to which it is stored (Pawson et al.,, 2012). Nonetheless,
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for mitigation purposes, geomorphic research is now actively
factoring carbon exchange into the evaluation of landscape
restoration processes: for instance, Clay et al. (2012) quantify the
relationship between carbon pathways and hydrological processes
in the restoration of blanket peat. In a very different environmental
setting, Hilton et al. (2011) report on the role played by mass move-
ments in the flux of organic matter and hence carbon. It is clear that
geomorphic activity has the potential to be a significant driver of
carbon flux in some environments, providing a critical imperative
to factor carbon into long-established geomorphic questions.

Conclusion

Itis clear from the manuscripts discussed in this Commentary that
geomorphologists are making an extremely rich contribution to
studies of major importance for understanding 21st century
climate change. We can think of this in terms of research that is,
perhaps at last, bridging two very different timescales: that of
much longer landform evolution, the study of which has
been revolutionized by new dating methods; and that of
the established ‘process’ tradition, based upon continuous
or near continual measurement using specially designed
instrumentation. The former is of value over timescales of
centuries and longer; the latter is rarely of use for anything
more than the weeks, months or years during which funding
has been available to maintain instrumentation. Methodological
developments, coupled to innovative use of historical records
(e.g. airborne imagery), are allowing us to reconstruct geomor-
phic systems over the timescales during which there has been
rapid climate change (since the middle of the 20th century).

Forays into predictive numerical modelling, especially of the
future, remain proportionately fewer. Perhaps this reflects a
geomorphic obstinacy to the idea that landforms and landscapes
are predictable. There may be reason here if geomorphic systems
are really going to respond in complex and non-linear ways to
changing climate (Huggel et al., 2012). But, as argued above,
such responses have not prevented other disciplines from
engaging in prediction and in ways that have stimulated both
scientific research and policy development.

Finally, and perhaps most interestingly, are those manuscripts
that are seeking to couple traditional geomorphologically-
inspired questions (e.g. the controls on soil erosion) to other
elements of the earth system, such as carbon storage and flux.
It is clear that this is an area of fundamental science where
geomorphic investigation has much to offer.
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